Rapid manipulation of the attention field (i.e. the location and spread of visual spatial attention) is a critical aspect of human cognition, and previous research on spatial attention in individuals with autism spectrum disorders (ASD) has produced inconsistent results. In a series of three psychophysical experiments, we evaluated claims in the literature that individuals with ASD exhibit a deficit in voluntarily controlling the deployment and size of the spatial attention field. We measured the spatial distribution of performance accuracies and reaction times to quantify the sizes and locations of the attention field, with and without spatial uncertainty (i.e. the lack of predictability concerning the spatial position of the upcoming stimulus). We found that high-functioning adults with autism exhibited slower reaction times overall with spatial uncertainty, but the effects of attention on performance accuracies and reaction times were indistinguishable between individuals with autism and typically developing individuals in all three experiments. These results provide evidence of intact endogenous spatial attention function in high-functioning adults with ASD, suggesting that atypical endogenous attention cannot be a latent characteristic of autism in general.
Introduction
Attention allows us to selectively process the vast amount of information with which we are confronted. By focusing on a certain location or aspect of the visual scene, visual attention enables the prioritization of some aspects of information while ignoring others. It has been known since the dawn of experimental psychology that covert attention-the selective processing of visual information in the absence of eye movements-plays a central role in perception [James, 1890] . Over the past 30 years, rigorous methods have been developed for manipulating, measuring, and characterizing covert spatial attention [e.g. Braun, 1998; Carrasco, 2006; Carrasco & McElree, 2001; Carrasco, Penpeci-Talgar, & Eckstein, 2000; Cavanagh & Alvarez, 2005; Li, Lu, Tjan, Dosher, & Chu, 2008; Ling & Carrasco, 2006a; Lu & Dosher, 2000; Pestilli, Carrasco, Heeger, & Gardner, 2011; Posner, Snyder, & Davidson, 1980; Sperling & Melchner, 1978; Verghese, 2001] . Of particular relevance to the current study are the methods that have been developed for characterizing the accuracy and speed with which individuals deploy the attention field, that is the location and spread of visual spatial attention [e.g. Belopolsky, Zwaan, Theeuwes, & Kramer, 2007; Eriksen & St James, 1986; Herrmann, MontaserKouhsari, Carrasco, & Heeger, 2010; Muller, Bartelt, Donner, Villringer, & Brandt, 2003] .
Previous research on spatial attention in individuals with autism spectrum disorders (ASD) has produced inconsistent results. Some studies have shown attentional deficits in individuals with ASD purportedly linked to an inability to adequately control the attention field [Burack, 1994; Harris, Courchesne, Townsend, Carper, & Lord, 1999; Landry & Bryson, 2004; Mann & Walker, 2003; Townsend & Courchesne, 1994; Townsend et al., 1999; Townsend, Courchesne, & Egaas, 1996; Wainwright & Bryson, 1996; Wainwright-Sharp & Bryson, 1993] , whereas others have provided evidence for intact functioning [Remington, Swettenham, Campbell, & Coleman, 2009; Renner, Grofer Klinger, & Klinger, 2006; Senju, Tojo, Dairoku, & Hasegawa, 2004] . Many different methods have been used to study attention in ASD [for a review, see Ames & Fletcher-Watson, 2010] , and this diversity in approach may have contributed to the inconsistent findings. The primary aim of the research described here was to apply the full force of the attention researcher's methodological toolkit to the question of attention field control in ASD.
There are two types of covert spatial attention: exogenous and endogenous [Giordano, McElree, & Carrasco, 2009; Ling & Carrasco, 2006a, b; Liu, Pestilli, & Carrasco, 2005; Lu & Dosher, 2000; Nakayama & Mackeben, 1989; Pestilli, Ling, & Carrasco, 2009; Posner et al., 1980; Yantis & Jonides, 1984] . Exogenous attention, engaged in response to the sudden onset of salient stimuli in the periphery, is involuntary, stimulusdriven, and has a transient effect, which peaks at about 100 ms post-cue onset and decays shortly thereafter. In contrast, endogenous attention is voluntary, goal-driven (e.g. according to instructions), and has a sustained effect, which takes about 300 ms to be deployed and can be maintained for many seconds. Exogenous and endogenous attention can be manipulated experimentally using a cue. In both cases, participants perform a visual discrimination task at one of two or more possible target locations. For endogenous attention, a symbolic cue is presented (e.g. a line in the center of the display pointing to one location) instructing participants to attend voluntarily to one of the possible locations before the target appears. Endogenous attention always benefits performance, even in tasks in which exogenous attention hampers performance [e.g. Yeshurun, Montagna, & Carrasco, 2008] . This paper will focus on endogenous attention, but we highlight both to emphasize that these are distinct attentional systems, that they are differentially engaged, and that they have different temporal dynamics [for a review, see Carrasco, 2011] .
In a series of three experiments, we tested the hypothesis that individuals with ASD exhibit a deficit in controlling the deployment and size of the endogenous attention field. We measured the effect of attention on both performance accuracy and reaction time, with and without spatial uncertainty (i.e. the lack of predictability concerning the spatial position of the upcoming stimulus). For typically developing individuals, spatial uncertainty increases the size of the attention field [Herrmann et al., 2010] . Here, we adopted a spatial uncertainty manipulation to evaluate whether or not this is also the case for individuals with autism. We measured the spatial distribution of performance accuracies and reaction times to quantify the sizes and locations of the attention field, with and without spatial uncertainty. We found that individuals with autism exhibited slower reaction times overall with spatial uncertainty, but the effects of attention on performance accuracies and reaction times (contingent on the attention cue) were indistinguishable between individuals with autism and typically developing individuals.
Materials and Methods

Observers and Psychophysical Sessions
Eight high-functioning adult individuals with autism, one high-functioning adult with an ASD diagnosis (20-40 years, two female), and nine typically developing control individuals (20-36 years, two female) participated in all three endogenous attention experiments (see Table I ). Despite the inclusion of one individual with an ASD rather than an autism diagnosis, we have referred to the clinical group throughout as the "autism group" due to its overall diagnostic composition. All participants were recruited from the autism database maintained by the Center for Excellence in Autism Research at the University of Pittsburgh, and all procedures were approved by the institutional review boards of both The University of Pittsburgh and Carnegie Mellon University. Each control participant was matched as closely as possible by IQ, Wechsler Abbreviated Scale of Intelligence [The Psychological Corporation, 1999] , gender, age, and education level to each individual with autism (see Table II ); there were no statistically significant group differences for full score IQ, verbal IQ, or age (P-values > 0.2, t-tests). All participants had normal or corrected to normal vision, and none of the participants had been diagnosed with attention deficit hyperactivity disorder. Six of the participants in the autism group were not on any form of medication. Two participants were on medication to control allergies or asthma, and five others were on more complex regimens. Given the absence of a group difference and the variation in medication across these participants, it seems improbable that the medication regimen played a significant role in the findings.
Experiments 1 and 2 were completed during one testing session (208 trials each experiment, Table I ), separated by a short break, and Experiment 3 was completed during a separate testing session (960 trials, Table I ) on a different day. Session order was counterbalanced across participants, as was the within-session order of Experiments 1 and 2. Participants completed four practice blocks (20 trials each) before each experiment. In addition, orientation discrimination thresholds were measured in pretests (neutral trials only), separately for each participant and separately for each experiment (see later). All experiments were completed in a quiet and private testing room, free from distraction.
Psychophysical Task
Participants performed the same psychophysical task in all three experiments (Fig. 1) . On each trial, four grating patches were presented for 80 ms, simultaneously in each of the four visual quadrants. Gratings were 1.5°in diameter (s = 0.21°, standard deviation of Gaussian window), centered at 8°eccentricity, four cycles per degree, 30% contrast, and with the same mean luminance as the uniform gray background. Each grating was tilted slightly with respect to vertical. The direction of tilt, clockwise or counterclockwise, was randomized on each trial, independently for each of the four gratings. A post-stimulus response cue (0.8°white line) indicated which of the four gratings was the target. Participants performed an orientation discrimination task, indicating whether the target was titled clockwise or counterclockwise of vertical. Auditory feedback (different tones for correct and incorrect) was provided after each response. Placeholders (brackets) were displayed for the duration of the experiment to demarcate the locations of the grating patches in each quadrant. Participants performed each task on the same computer, seated 57 cm away from the Dell M992 monitor (resolution: 1024 ¥ 768; refresh rate: 85 Hz; Dell, Inc. Round Rock, TX).
Orientation Discrimination Thresholds
The amount of tilt in the orientation discrimination task was determined in pretests to equate task difficulty, separately for each participant and separately for each experiment. A staircase procedure (120 trials, neutral cues only) was used to determine the degree of tilt necessary for a performance accuracy of~80% correct.
Endogenous Attention Manipulation
A symbolic pre-cue (250 ms) was used to manipulate endogenous spatial attention ( Fig. 1 ). There were two different trial types with two different pre-cues: valid (one white line, 0.8°, at fixation, pointing to one of the four locations) and neutral (four small white lines, 0.2°, pointing to all four locations). For valid trials, the pre-cue indicated the quadrant in which the target would appear. For neutral trials, the target could appear in any quadrant. A random half of the trials had valid cues; the other half had neutral cues. The pre-cue was followed by an interstimulus interval (ISI), chosen to minimize or maximize the temporal difficulty in allocating endogenous attention. In Experiment 1, the ISI was 650 ms, resulting Table II in a 900 ms cue stimulus onset asynchrony (SOA). Experiments 2 and 3 had a 50 ms ISI, resulting in a 300 ms SOA.
Spatial Uncertainty Manipulation
The size of the box formed by the placeholders was used to minimize or maximize spatial uncertainty (Fig. 1) . In Experiments 1 and 2 (low spatial uncertainty), the spatial area demarcated by the placeholders was 2°¥ 2°, and each grating always appeared at the center of each box (i.e. centered in each of the four quadrants). In Experiment 3 (high spatial uncertainty), the spatial extent of the box was 5.56°¥ 5.56°, and the gratings could appear at one of five predefined isoeccentric locations, each separated by eight angular degrees; the middle of these five possible locations was centered in the middle of the box.
Accuracy
The proportion of correct responses was computed separately for each participant, each attention condition in each experiment, and each target location (Experiment 3 only). 
Reaction Time
Reaction time distributions, for correct trials only, were computed separately for each participant, each attention condition in each experiment, and each target location (Experiment 3 only). The median reaction time was then determined for each distribution.
Eye Tracking
Fixation was monitored throughout the experiment using an infrared video eye tracker (EyeLink, SR Research, Ottawa, Ontario; 500 Hz sampling rate); a 9-point calibration routine was completed at the start of each experimental block. Trials in which a participant's gaze deviated from fixation by more than 2°of visual angle, during the presentation of the grating stimuli, were ignored (i.e. data from those trials were not analyzed). The remaining trials were analyzed to determine if there were group differences in eye position within this 2°range. The mean eye-to-target distance was measured, averaged throughout the 80 ms epoch during which the grating stimuli were presented, separately for each trial, each participant, and each experiment.
Results
Experiments 1 and 2 found no evidence for differences in attention, between individuals with autism and typically developing individuals, using low spatial uncertainty with a long and short SOA, respectively (Fig. 2 , Table III ). Accuracy and reaction time measures were subjected, separately, to a two-way, mixed-model analysis of variance (ANOVA), with attention (valid, neutral) as a withinsubjects variable, and group (autism, control) as a between-subjects variable, separately for each study. We found the same pattern of results in both experiments: (a) there was a main effect of attention, for accuracy as well as reaction time, indicating that participants were both more accurate and faster in valid trials compared with neutral trials; (b) there was no main effect of group for accuracy or reaction time, indicating that overall accuracy and speed did not differ between the groups; and (c) 
F-statistics and P-values for two-way, mixed-model analysis of variance of the performance accuracy and reaction time measures, with attention (valid, neutral) as a within-subjects factor, and group (autism, control) as a between-subjects factor. Significant differences are shaded in gray.
there was no attention ¥ group interaction for accuracy or reaction time, indicating that the improvements in performance with valid cues were indistinguishable between groups. These results suggest that under conditions of low spatial uncertainty, individuals with autism benefit from attention cues to the same extent as typically developing individuals do, even when the task requires rapid allocation of spatial attention.
Experiment 3 found no differences in attention between groups using a short SOA and high spatial uncertainty (Fig. 3, Table IV ). Accuracy and reaction time measures were subjected to a three-way, mixed-model ANOVA, with target location (29°, 37°, 45°, 53°, 61°from the horizontal meridian) and attention (valid, neutral) as within-subjects variables, and group (autism, control) as a betweensubjects variable. There was a main effect of attention, both for accuracy and reaction time, indicating that participants were both more accurate and faster in valid trials compared with neutral trials. None of the attention ¥ group interactions were significant, indicating F-statistics and P-values for three-way, mixed-model analysis of variance of the performance accuracy and reaction time measures, with target location (29°, 37°, 45°, 53°, 61°from the horizontal meridian) and attention (valid, neutral) as within-subjects factors, and group (autism, control) as a between-subjects factor. Significant differences are shaded in gray.
that the improvements in performance with valid cues were indistinguishable between groups. There was no main effect of group for accuracy or reaction time (but see later for an ancillary analysis showing a difference in reaction times). Attention ¥ location interactions were significant both for accuracy and reaction time. However, the three-way location ¥ attention ¥ group interaction was not significant for either accuracy or reaction time, indicating that improvements in performance with valid cues differed significantly across locations, but did so in a manner that was indistinguishable between the groups.
Data from Experiment 3 were reanalyzed, collapsing across locations, revealing that individuals with autism exhibited slower reaction times overall with spatial uncertainty, but again there were no differences in attention between groups (Fig. 4, Table III ). We collapsed across locations because there were no location ¥ group or attention ¥ location ¥ group interactions (see earlier).
Accuracy and reaction time measures were subjected to a two-way, mixed-model ANOVA, with attention (valid, neutral) as a within-subjects variable, and group (autism, control) as a between-subjects variable. There was a main effect of attention, both for accuracy and reaction time, indicating that participants were both more accurate and faster in valid trials compared with neutral trials. There was no main effect of group for accuracy, indicating that both groups were equally accurate in the task. There was, however, a main effect of group in the reaction time analysis, that is individuals with autism had longer reaction times than typically developing individuals. Because the attention by group interaction was not significant, the main effect of group in the reaction time analysis indicated that while the autism group was slower to respond, the attentional benefit from a valid cue was indistinguishable between groups. For accuracy, the attention by group interaction was also not significant but exhibited a marginal trend (P = 0.08), indicating that the attentional benefit was a bit larger for the autism than for the control group.
All participants in both the autism and control groups showed a consistent effect of attention on performance and reaction time (see Fig. 5 ). The diagonal line in It is unlikely that differences in eye movements between groups could have confounded the interpretation of the performance accuracy and reaction time results. Fewer than 8% of trials were excluded in each of the experiments due to breaks in fixation (Table V) . There was a significant between-group difference in the proportion of trials excluded due to breaks in fixation, only for Experiment 3; more trials were excluded for the autism group than for the control group. After excluding those trials, however, eye positions during the grating stimulus presentations were indistinguishable between groups, for all of the experiments. Eye-to-target distances were subjected to a two-way, mixed-model ANOVA, with attention (valid, neutral) as a within-subjects variable, and group (autism, control) as a between-subjects variable, separately for each experiment (Table VI) . There were no main effects of group, or interactions with group, in any of the experiments. There was, however, a significant main effect of attention in each experiment, indicating that all participants made small eye movements, resulting in shorter eye-to-target distances during valid compared with neutral trials. These changes in eye position were, however, negligible (~0.1°of visual angle).
There was no evidence that a speed-accuracy trade-off might have confounded the results. We computed an inverse efficiency measure [e.g. Kimchi & Peterson, 2008] of the accuracy and reaction time data (i.e. reaction time/ accuracy), separately for each participant and separately for each experiment. These inverse efficiency measures were subjected to a two-way, mixed-model ANOVA, and for each experiment the results were qualitatively similar to and support the same conclusions as the results reported earlier for reaction time. Additionally, we computed the correlation between accuracy and reaction time, separately for each attention condition, separately for each group, and separately for each experiment. A significant positive correlation would indicate that slower participants were more accurate and that faster participants were less accurate. None of these correlations were statistically significant, nor were they significantly different between the groups (P-values > 0.1, nonparametric randomization tests).
Orientation discrimination thresholds were indistinguishable between the groups for all three experiments (Table VII) . The amount of tilt (from vertical) at which participants performed these tasks was determined in pretests, to equate task difficulty, separately for each participant and separately for each experiment. If there had been large differences in the orientation thresholds between groups, then that might have hidden what otherwise would have been differences in performance accuracies and/or reaction times. But that was not the case.
Discussion
We observed consistent results in all three experiments. Experiment 1 provided evidence that endogenous spatial attention increases performance accuracy and decreases reaction time in individuals with autism, and that these effects are statistically indistinguishable from those seen in a typically developing matched control group. Experiment 2 verified that these attentional benefits remain, even when the task requires rapid deployment of attention; the cue SOA was 300 ms in this experiment, and it takes~300 ms for covert attention to be deployed [Liu, Stevens, & Carrasco, 2007; Nakayama & Mackeben, 1989] . This finding indicates that individuals with autism are not only capable of allocating endogenous spatial attention, but they can also do so as quickly as control participants can. Finally, Experiment 3 confirmed that individuals with autism can increase the size of the attention field to account for spatial uncertainty, to the same extent as the control group, even when the task requires rapid (same as in Experiment 2) deployment of attention. Our results are consistent with previous research in children and adolescents [Renner et al., 2006] showing that F-statistics and P-values for two-way, mixed-model analysis of variance of the eye-to-target distances, with attention (valid, neutral) as a within-subjects factor, and group (autism, control) as a between-subjects factor. Significant differences are shaded in gray. the voluntary allocation of spatial attention is unaffected in individuals with ASD. We extend these findings by providing evidence for intact control of the attention field size in high-functioning adults with autism. Previous research on spatial attention in ASD has provided some evidence of spatial attention deficits. It has been reported that individuals with ASD are slow to widen the spread of spatial attention [Mann & Walker, 2003] , are faster to respond when the size of the visual field is reduced for them as part of the experimental design [Burack, 1994] , and show evidence of a narrowly focused attentional spotlight [Townsend & Courchesne, 1994] . Additionally, some studies have shown that individuals with ASD take longer to disengage attention from a location [Landry & Bryson, 2004; Townsend et al., 1996; Wainwright & Bryson, 1996; Wainwright-Sharp & Bryson, 1993] and are slower to shift attention to a new location Townsend et al., 1999] compared with controls.
There are, however, concerns about how to interpret these previous results. First, in all but one of the experiments just described , the conclusions are based on measurements of reaction time. Reaction time confounds discriminability, processing speed, and criterion. Reaction time differences found in typically developing individuals can emerge simply from a difference in criterion (i.e. the amount of sensory evidence necessary for a participant to respond), with no change in processing speed or discriminability [Carrasco & McElree, 2001; Reed, 1973; Wickelgren, 1977] . Also, previous research using a speed-accuracy trade-off procedure to obtain conjoint measures of discriminability and information processing speed has shown that attention not only improves discriminability of stimuli but also accelerates information processing [Carrasco, Giordano, & McElree, 2006; Carrasco & McElree, 2001; Giordano et al., 2009] . Thus, reaction time alone cannot isolate the source of the effect. We measured both performance accuracy (independent of criterion) and reaction time to eliminate this potential confound. Given that we did not include invalid cues (i.e. a single cue to a wrong target location), however, our study cannot speak to the ability to disengage spatial attention at a given location. This is an important aspect of attention field control, and future work will need to examine the cost of attending to nontarget locations on performance accuracy.
Despite the problems associated with reaction time data, the finding that individuals with autism were significantly slower to respond under conditions of high spatial uncertainty (Experiment 3) warrants further study. These differences in reaction times were evident for neutral as well as valid trials, and the non-significant group ¥ attention interaction (P = 0.70) indicates that such slowing was not due to a difference in the allocation or spread of spatial attention between groups. Even though they were significantly slower to respond, individuals with autism received attentional benefits that were statistically indistinguishable from matched control participants. Therefore, we can rule out the possibility that this slowing was due to a deficit in endogenous spatial attention.
What might account for this group difference in response time? Two potential explanations could be related to the experimental design. First, there were differences in trial number between the high spatial uncertainty (960 trials) and the low spatial uncertainty experiments (208 trials each); more trials were necessary to provide adequate statistical power at each of the five possible target locations in the high spatial uncertainty experiment. Collapsing across locations in Experiment 3 provided a nearly fivefold increase in the amount of data in each attention condition, relative to Experiments 1 and 2. An additional possibility related to trial number is experiment duration. Experiments 1 and 2 were completed in one session, while Experiment 3 was on a separate day. Despite a comparable session length, with the same possibility for breaks, test blocks from Experiments 1 and 2 were separated by an explanation of the next experiment, practice trials, and a pretest, with neutral trials only, to set task difficulty. Experiment 3 had no such change of task, and group differences in overall reaction time could be due to differences in fatigue, vigilance, boredom, executive function, or some other global factor.
This difference in reaction times could also be directly related to the high spatial uncertainty manipulation of Experiment 3. It may be the case that individuals with autism require more time to process and/or react to stimuli under conditions of uncertainty. Future work should address whether such slowing is specific to increases in spatial uncertainty, whether an increase in reaction time is a consequence of a general increase in task demands, or whether failing to find this reaction time difference in the low spatial uncertainty experiments can be accounted for by the method differences mentioned earlier. Finding evidence for the latter would provide further empirical support for a general motoric slowing associated with ASD [for a review, see Gowen & Hamilton, 2012] .
We ensured these experiments would have sufficient statistical power. Even though we enrolled fewer participants than is typical in autism research, each participant performed a relatively large number of trials (Table I) , and the experimental protocol was based on psychophysical studies in which~5 participants is typical. We are cognizant of the fact that individuals with ASD comprise a heterogeneous population, and that for this reason sample size is a very important factor when evaluating empirical results. Our participants, however, were selected from a relatively homogeneous subpopulation (high functioning, IQ range, age range, etc.), and this rationale was born out in the results. The statistical power in both subject groups was more than adequate to measure very clearly and robustly the effect of attention, on both accuracy and reaction time, in all three experiments. The confidence intervals (error bars) for all three experiments were very similar in the two groups. Finally, each participant individually, in both groups, showed a highly robust effect of attention (Fig. 5) . Finding such clear and consistent attention effects, with no evidence for heterogeneous performance across the participants in each group, enables us to conclude that for highfunctioning adults with autism, the effects of attention on perception are the same as those observed in typically developing individuals.
In addition to providing empirical data on endogenous spatial attention function in ASD, we hope to encourage the use of the methods that are now standard in the field of attention research. We also advocate more precision in terminology, and to that aim we do not conclude that there are no ASD-associated attention deficits. The temporal and spatial profiles of exogenous attention, as well as visual feature-based attention, require further study, as does endogenous attention within other sensory modalities (e.g. auditory, somatosensory, etc.). Future studies should make use of the experimental protocols commonly used to study such forms of attention [Alais & Blake, 1999; Braun, 1998; Carrasco, 2006; Carrasco & McElree, 2001; Carrasco et al., 2000; Cavanagh & Alvarez, 2005; Herrmann, Heeger, & Carrasco, 2012; Li et al., 2008; Ling & Carrasco, 2006a; Liu et al., 2007; Lu & Dosher, 2000; Pestilli et al., 2011; Sperling & Melchner, 1978; Verghese, 2001] , controlling what aspect of attention is being manipulated, as there may be deficits in only certain subcomponents of a given attentional system.
